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Abstract 
An electromagnetic theory of superconductivity is discussed leading to the 
development of expressions describing the temperature and frequency characteristics of 
the surface resistance of superconductors. Special considerations pertaining to high 
temperature superconductors are discussed in the context of their effect on surface 
resistance. The theory of the resonant cavity technique of measuring surface resistance is 
described, and assumptions inherent 1n our measurements are pointed out. A description 
of the experimental setup used to measure surface resistance is given. A survey of 
previous and concurrent results is given. The results of our measurements are given, m 
which a minimum surface resistance of 0.15 0 was obtained. Finally, patterns m 
materials parameters and their correlation to patterns in the measured surface resistance 
are pointed out and compared to similar patterns reported by others. 
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I. Introduction 
The recent discovery of ceramic materials that are superconducting at liquid 
nitrogen temperatures is hailed as perhaps the most important scientific discovery of the 
decade. This discovery was followed by a rushed and sometimes unscientific pursuit of 
new materials to operate at higher temperatures than the previous ones. It was a heyday 
of materials scientists, ceramists, and metalurgists, in which seemingly every publication, 
scientific or not, featured a cover photo of a magnet levitated over a disk of 
superconductor. As with the initial discovery of low temperature superconductivity, 
applications were immediately proposed for these miraculous new materials. 
When the scientific community began to settle down and look carefully at the new 
material, much of the hype and fair weather enthusiasm sudsided. What they found was 
a quirky material that was brittle, difficult to fabricate, and very sensitive to its chemical 
surroundings. These problems were addressed, and have since been partially understood 
and corrected, but much work must still be done in this area. 
The study of the high frequency properties of the new superconductors is 
important for two reasons. First, the field of high frequency electromagnetics is one that 
would greatly benefit from conducting materials with electrical loss much lower than 
met~ls afford. Second, a study of the high frequency properties of these rnaterials can 
yield valuable information pertaining to our understanding of superconductivity in 
general. The objective of this project was to measure the microwave surface resistance of 
bulk YBa2Cu 3 0 7 _ 6 in an effort to evaluate its performance with respect to normal metal 
conductors and to observe any patterns associated with rnaterials and fabrication. 
This report will present a theoretical development of the microwave properties of 
superconductors. It will discuss in detail the two fluid rnodel of superconductivity and 
will give an overview of the BCS Theory. It will outline possible problems unique to high 
ternperature n1aterials. The theory of surface resistance measurements using cavity 
resonators will be described and an expression for the unloaded quality factor of a TE011 
cylindrical cavity resonator will be developed. The experirnental setup used to carry out 
the measurements will be described along with the actual measurement technique. The 
results of previous and concurrent work in this area will be discussed. The results of our 
measurements will then be presented along with a comparison to the results of others. 
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II. Electromagnetic Theory of Superconductivity 
DC Characteristics 
Superconductivity was first observed by Kamerlingh Onnes in 1911. This 
phenomenon, in which the de electrical resistance of a material drops rapidly to zero 
below a certain temperature ( the critical temperature, Tc), was initially interpreted as a 
transition to a state of perfect electrical conductivity. It was then observed that 
conduction due to electrons in the superconductor contained an inertial effect due to the 
mass of the conduction electrons. 
inductive reactance. 
This inertial effect gives the superconductor an 
The accepted theory of conduction in superconductors initially treated the 
conduction electrons as charged particles accelerated by an electric field 1 . The 
acceleration equation, or first London equation, is written 
AJ == IE ; A m/ne2 (1) 
where we have electrons of mass m and charge e in concentration n. It is obvious that 
this equation permits solutions in which time invariant currents can flow in the absence of 
an electric field. It is useful in solving many practical problerns but as we will see, fails to 
describe one aspect of superconductivity. 
Taking the curl of both sides of ( 1) we have 
V X AJ V X IE (2) 
where, by Maxwell's equations, V x IE == -IB and µoJ V x 1B ( neglecting the 
displacement current). Substituting these into (2) we have 
v' X v' X f O [B == -[B (3) 
Since 8 is a divergenceless field, V x V x 1B -V 21B. Thus we have 
8. (4) 
Integrating with respect to time, we obtain 
3 
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8 - Bo. (5) 
This equation suggests as one solution 8 = Bo, in which a constant magnetic field is 
maintained in the superconductor by means of nondecaying circulating currents, or 
persistent currents. 
It was believed for some time that a superconductor that was cooled in the 
presence of a weak magnetic field would "freeze" the field in it upon cooling below Tc. 
The experiment of Meissner and Ochsenfeld showed that this was not the case. The 
experiment demonstrated that upon cooling below Tc, superconductors expel all magnetic 
field except for an exponetially decaying field in a penetration layer on the surface of the 
superconductor. This result, known as the Meissner effect, indicated that equation (5) 
was too general to describe the behavior of superconductors, and that in all cases 8 0 must 
equal zero within the superconductor. Equation 5 is thus revised: 
(6) 
Once again making use of Maxwell's equations we can express (6) as 
VxJ (7) 
This is the well known second London equation for the electrical behavior of a 
superconductor. In general, this equation is expressed as 
VxJ where ,\L 2 = fr
0 
Here ,\L is known as the London penetration depth. 
fomc2 
nq2 . (8) 
It is easy to see that since V · 1B = 0, equation (6) does not permit a solution 
uniform in space, unless the magnetic field is identically zero. This mathematical result 
implies that the only magnetic field permitted in a superconductor decays exponentially 
beneath the surface with a characteristic penetration depth ,\L. Solutions of (6) must 
have the form 
D(x) == B(O)exp(-x/-XL) (9) 
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where x = 0 is the external surface of the superconductor. This result accounts for the 
Meissner effect, thus providing a more accurate description than the acceleration theory 
for the behavior of superconductors in the presence of weak magnetic fields. 
It was observed that certain types of superconductors permit magnetic flu~ to 
penetrate the surface without destroying the bulk superconductivity. Superconductors 
were then broken into two classes, Type I and Type II. Type I materials behave as 
previously described, they are superconducting and expel all field in the presence of 
magnetic fields below the critical field H c. For fields above H c, the material becomes non-
supercond ucting. 
Type II materials have two critical magnetic fields, Hci and Hc 2 , Hci < Hc 2 , In 
the presence of fields below Hci, Type II materials behave the same as Type I materials 
do below He, In fields between Hq and Hc 2 , Type II materials permit flux to penetrate 
') in "flux filaments" called "fluxons"~. Finally, in fields stronger than He 2, the material 
becomes normal. 
The difference between Type I and Type II materials can be described in terms of 
surface energy 3 . The surface of interest is that joining a region of flux penetration with a 
region in which flux is expelled. In a Type I material this surface is a region of positive 
energy. To 1ninimize the total energy of the system, the material 1ninimizes this surface. 
This creates large regions of superconducting and norn1al 1naterial, which tends to destroy 
the bulk superconductivity, as shown in Figure la. 
In Type II materials, this surface is a region of negative energy. Thus to minimze 
the total system energy, the material 1naxin1izes this surface area. The result is that the 
penetrating flux is broken into individual flux quanta, the smallest possible units of flux. 
These quanta then penetrate the material in a lattice like structure of fluxons separated 
by superconducting material as shown in Figure lb. In this region between Hci and Hc 2 
the material retains its bulk superconductivity. Increasing the total applied field increases 
the number of fluxons penetrating the 1nateria.l until the field reaches Hc 2 , at which point 
the material 1s saturated with fluxons. 
superconductivity completely. 
5 
Further increasing the field destroys 
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a) 
Superconducting 
Region 
Figure 1 
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D Normal Region 
b) 
Flux penetration in superconductors. a) Type I. b) Type II. 
The fluxon lattice structure of Type II materials is important in the electrical 
behavior of the material, since it introduces new loss mechanisms. It is also important to 
note that all of the high Tc ceramic superconductors are Type II materials. 
AC Characteristics 
Although superconductors permit the lossless flow of time invariant currents, the 
flow of ac currents introduces loss mechanisms that are not present in the de case. These 
losses are generally accounted for in one of two ways. The first is the two fluid model, in 
which the conduction band contains both normal and superconducting electrons, ea.ch 
comprising one "fluid". The second 1s the theory developed by Bardeen, Cooper, and 
Schriefer4 (BCS Theory) in which the ground state, or superconducting electrons are 
separated from the normal electrons by an energy gap. The BCS Theory is a more 
rigorous quantum mechanical justification of the two fluid model. The results it predicts 
are similar to the two fluid model but are generally quantitatively more accurate. Due to 
the complexity of the BCS Theory, the two fluid approach provides a better intuitive 
model for the loss mechanisms. For the sake of simplicity, we will describe the two fluid 
model in detail here, and give just a qualitative description of the BCS Theory. 
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Two Fluid Model 
An early attempt to explain the known properties of superconductors was the two 
fluid theory5 • This theory assumes that the conduction band contains normal electrons in 
density nn and paired superconducting electrons in density n,. The total electron density 
is n. From the thermal properties of superconductors ( e.g. electronic specific heat) it was 
determined that the fraction of superconducting electrons as a function of temperature 
agrees well with the relation 
n., 
n (10) 
The AC loss seen in superconductors can be easily accounted for with the two 
fluid model. The reactance due to the inertia of the electrons permits an AC electric field 
to exist across the material. This field then accelerates the the normal electrons which 
create loss, as in a normal conductor. 
Complex Conductivity 
The rnost important high frequency characteristic of a conductor is the skin effect 
resistance or surface resistance, R.,. This surface resistance is a function of the ac 
conductivity of the superconductor. We n1ust therefore find the relation between current 
and electric field in a superconductor. 
The basic postulate of the two fluid model is that the superconducting electron 
pairs undergo no phonon or impurity scattering and thus move losslessly through the 
lattice. Using a forn1 of the first London equation to express the electron pair motion 
with respect to field, we have 
n1 7t" == -e[ ( 11) 
where v., is the velocity of the superconducting electron pair. This is the dynamic 
equation of classical physics ( force equals mass times acceleration). Using a relaxation 
time approximation for the conduction due to normal electrons in the material 5 , we have 
d<vn> + <vn> 
m dt m r -e[ (12) 
where <vn> is the average normal electron velocity. The associated normal and 
7 
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superconducting current densities are 
J, =· -n,ev,. 
Assuming a time harmonic electric field, E = Eejwt, we obtain 
Thus the total current is 
J 
where 
(!2 
<vn> -erE 
m(jwr +1) 
-elE v, - -.-. 
)Wm 
e
2 [nnw 2 r 2 + n.,(1 + w2 r 2 )] 
wm(l + w2 r 2 ) 
(13) 
(14) 
{15) 
(16) 
(17) 
(18} 
(19) 
This complex conductivity can be represented by the equiv.alent circuit shown in Figure 2. 
For frequ~ncies at which w 2 r 2 ~ 1, equ_ations (18) an.d (19) can be approximated as 
(nn)· CJn n. 
where CJn e
2
,.;:r is the normal state conductivity and A2 m 
. 2' µon,e 
(20) 
(21.) 
Figure 2 
Equivalent circuit for a unit cube of superconductor. 
Conductivity Imaginary 
u l (Imaginary) 
T=Tc 
0 T/Tc 
a) 
1.0 
Figure 3 
0 
b) 
Complex wnductivity as a function of temperature. a) Magnitudes of real 
and imaginary parts. b) Phasor diagram. 
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Real 
The temperature d~pendence of the real and imaginary parts of the conductance 
are shown in Figure 3a. It is seen that the real part of the conductivity decreases rapidly 
with respect to temperature below Tc. The imaginary part of the conductivity increases 
at a similar rate, however. A phasor representaion of the conductivity is shown in Figure 
3b. It is clear from this representation that the dissipated power (the projection of the 
conductance on the real axis) for a given applied field decreases with decreasing 
temperature, as is verified experimentally. 
BCS Theory 
The theory of superconductivity developed by Bardeen, Cooper, and Schrieffer4 
1n 1957 provides a more fundamental explanation of the microwave properties of 
superconductors. According to this theory, there is an energy gap of 2c in the density of 
states for the conduction electrons in a superconductor below Tc. The superconducting 
electron pairs occupying the ground state are separated from the normal conduction 
electrons by this gap. The electron pairs cannot scatter inelastically without leaving the 
ground state, requiring an increase in energy of at least 2c Thus the breaking of an 
electron pair requires a photon of energy nw > 2c 
The temperature dependence of the conductivity below Tc is the result of two 
mechanisms. The first is the temperature dependence of the energy gap below Tc. It is 
seen to vary fonn zero at T == Tc to approxi1nately 3.5k8 1'c at T == 0. The second is the 
thermal excitation of electrons above the gap. For any non zero temperature there will 
be son1e electrons thennally excited above the gap corresponding to the normal electrons 
of the two fluid model. 
The existance of the energy gap has three i1nplications for the high frequency 
behavior of superconductivity 3 '6 . First, when nw < 3.5k8 Tc, conductivity should become 
infinite as T approaches zero. Second, when hw > 3.5k8 Tc conductivity will approach a 
finite value as T approaches zero. Finally, the energy gap will produce a sharp increase in 
the absorption spectrum at nw == 2f(T). The relationship between conductivity, 
temperature, and frequency is shown qualitatively in Figure 4. 
It is important to note that for YBa2 Cu 3 0 7_6, 3.5k8 Tc ~ 2. 7 me V, corresponding 
to absorption of photons with angular frequencies w > 4.l x 1013 or f > 6.5 tHz. Thus 
for practical microwave applications, bandgap photon absorption is not a limiting factor. 
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R/Rn 
tiw < 2£ 
0 T/Tc 1.0 
Figure 4 
Normalized resistance as a function of frequency and normalized 
temperature as predicted by the BCS Theory. 
Surface Impedance 
As mentioned before, the most important high frequency characteristic of a 
conductor is the surface impedance. This can be calculated from the tangential electric 
and magnetic fields in the usual manner, assun1ing an infinite planar surface of infinitely 
thick material. 
(22) 
Neglecting displacement currents, as is pern1issable for good conductors, we can use the 
expressions for skin depth and surface in1pedance of good conductors as functions of the 
conductivity. 
The normal expression for skin depth, 6, is 
(23) 
Substituting the simplified expressions for u ( assuming WT < 1) we have 
11 
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1 2 1 6 = ( 2 )2 = ( 2 A )2. 
wµo(C11 - c,2 ) wr(nn/n,) - j {24) 
The infinite plane assumption should be valid for the cavity if the thickness and radius of 
curvature of the cavity are small compared to the skin depth, thus if A is small compared 
to the cavity dimensions, this assumption is valid. 
The impedance of a good conductor as a function of conductivity can be expressed 
as 
(25) 
Again substituting for <7, we have 
(26) 
Now observing that the relation 
( 1 )1 ~ l+jx 1 ·1 - J-X 2 (27) 
1s true for x ~ l, and assuming that wr( nn / na) ~ 1, we can approximate the surface 
impedance as 
(28) 
This can also be expressed as 
(29) 
The real part of this expression 1s responsible for thern1al dissipation of power and 1s 
referred to as surface resistance: 
? 2 3 
R _ w~ µo ..\ an(nn) a - '> n · 
... 6 
(30) 
The imaginary part represents an internal inductance term due to finite carrier mass. In 
a given circuit this adds to any external magnetic inductance. In thin striplines the 
internal inductance can yield a significant contribution to the circuit inductance. 
12 
Special Considerations for High Te Ceramic Superconductors 
In high frequency applications, there are properties to be considered in the high Tc 
materials that are unique to ceramic superconductors. The processing of the ceramic 
itself greatly affects the superconducting properties of these materials. The creation of a 
second, non-superconducting phase can create regions of high loss and significantly 
increase the surface resistance. Great care is therefore required in the preparation and 
firing of the ceramic compounds. 
The preparation of the surface also affects surface resistance. Ideally, a uniform, 
smooth, homogeneous surface is required to achieve the lowest possible surface resistance. 
In metals, this level can be approached with very pure metals using mechanical and 
chemical polishing processes. In the case of sintered ceramics, however, the material is 
porous and difficult to polish. This creates a surface with irregularities and surface 
damage. Since currents flow only in the skin region of the conductor, any disruptions in 
this region can affect the surface resistance. At microwave frequencies, the skin depth 
becomes very small, requiring a very well polished surface. Ultimately, the porosity of 
sintered materials limits the degree to which surface polishing can be effective. 
It is also important to protect the prepared surface from any reagents. In the 
case of YBa2 Cu 3 0 7 _6 , this means avoiding water and storing the sample in a dry oxygen 
environment. 
Finally, High Tc materials are of Type II and are subject to loss due to flux line 
movement. In the presence of a static magnetic field greater than He 1 , flux lines will 
penetrate the superconductor. Depending upon the orientation of the field, rf currents 
flowing in the surface region can produce a Lorentz force acting on the flux lines. The 
flux lines do not move losslessly, and although they remain pinned in the lattice, loss 
occurs due to viscous damping effects acting on flux line movement 3 • In applications in 
which magnetic fields on the order of liq 1nay be encountered, flux line loss must be 
considered. 
13 
III. Th~ry of Surface Resistance Measurements 
There are many ways in which the surface resistance of a material can be 
experimentally determined. Suitable methods for measuring high Tc superconducting 
surface resistance include pulse transmission and dispersion measurements 7 as well as a 
variety of techniques incorporating different types of microwave resonators. In particular, 
stripline8 , parallel plate 9'10 , and cavity11 resonators have been used successfully. 
For measuring the surface resistance of bulk sintered samples, the parallel plate 
and cavity methods are most convenient, whereas the stripline method works well for 
measuring deposited thin films. The cavity resonator method has been very effective in 
measuring the surface resistance of low Tc metal superconductors, since resonant cavities 
confine the oscillating fields with essentially no radiation. We have employed the 
resonant cavity technique to measure the surface resistance of high Tc materials. 
Microwave Cavity Resonators 
A microwave cavity resonator 1s simply a cavity with conductive inner walls in 
which electro1nagnetic energy at microwave frequencies can oscillate periodically between 
the electric and magnetic fields. The field distibutions within the cavity are determined 
by the solutions to Maxwell's equations 
V to[ == Pv (free charge density) 
(31) 
subject to the boundary conditions that the tangential electric field, Et, and the normal 
magnetic field, Hn, equal zero at the surface of a perfect conductor. For practical 
purposes, the perfect conductor assu1nption is valid. 
There are an infinite number of solutions to these equations, yielding an infinite 
number of resonant frequencies. Each solution, or resonant mode, has a unique 
distribution of electric and magnetic fields, and a unique current distribution in the cavity 
walls. The resonant frequencies, however, are not necessarily unique and may be shared 
by more than one resonant mode. 
Microwave cavities are generally constructed 1n regular, geometrically simple 
14 
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configurations. Rectangular prism and -cylindrical cavities are the most common. The 
purpose of the simple geometry is twofold. First, it simplifies fabrication and affords 
relative ease of surface control. Second, the solutions to Maxwell's equations within a 
geometrically simple cavity are obtained relatively easily. It would be virtually impossible 
to to obtain solutions to these equations for even moderately complex or irregular 
geometries. 
The figure of merit by which the performance of a resonator is evaluated is known 
as the quality factor, Q. The most fundamental definition for the unloaded quality 
factor, Qo, is 
Energy stored in the resonator 
Energy dissipated per radian 
This can alternately be expressed as 
w( Energy stored) 
Power dissipated per cycle· 
(32) 
(33) 
In the case of n1icrowave cavity resonators, the energy stored is the total energy 
1n the confined electric and magnetic fields. The power dissipated per cycle is the power 
dissipated in the walls of the cavity in one cycle of the resonant oscillation. These 
quantities can be calculated theoretically with a knowledge of the field distributions in the 
cavity and the surface resistance of the walls. The energy stored in the cavity, W, is 
· 12 given by 
W = W, = I ~l[l 2 dv =Wm= I ~lll-ll 2 dv (34) 
Vol Vol 
where [ and IHI are the peak electric and magnetic fields lil the cavity. The power 
dissipated in the walls is given by 
P = J ~· I II , 12 ds (35) 
Sur 
where H, is the peak magnetic field at the surface of the cavity walls. With a knowledge 
of the field distributions in the cavity, R., can be calculated from the measured value of 
15 
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TEou Cylindrical Cavity 
For the purpose at hand, the TE011 mode in a cylindrical cavity was chosen. The 
basis for the choice lies in the current distributions in the walls of the cavity. In the 
TE011 mode, all surface currents are (/, directed as shown in Figure 5. 
z 
surface currents 
Figure 5 
Surface current directions in a TE011 cylindrical cavity resonator. 
This permits the fabrication of a cavity with separate cylindrical · side and planar end 
pieces. With no current flowing across the end junction, these pieces can be held togethor 
with spring tension, elimating the ..need for a highly conductive contact at the junction. 
This structure also permits the use of different materials for the cylindrical and planar 
walls. For a structure with N separate sections, a fractional Q can be calculated for each 
section 
where 
w( Energy stored) 
Power dissipated in wall section n 
1 
Qo 
N 1 L-· 
n=l Qn 
(36) 
(37) 
The electric field distribution in a TE011 resonator of radius a and length l is given 
16 
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by13 
where Wr = resonant angular frequency 
Ho = peak magnetic field intensity 
I 
k _ qOl C - (J 
k - 7r z - I 
(38) 
fa == the derivative of the zero order Bessel function of the first kind 
q0 ~ = the first zero of J~ . 
Using this field distribution and the identity J~ x) == - J1 ( x), we determine the stored 
energy, W 
J
l Jaf 21r ((wrµI-1 0 )2 2( ) . 2( ) d W ==We= 
0 0 0 2 kc 11 kcr sin k2 z rd</Jdr z. (39) 
This evaluates to 
(40) 
To determine the power dissipated in the cavity walls, it is necessary to break the 
surface integral into two parts, one for the planar end walls, and one for the cylindrical 
side wall. The tangential magnetic field distribution at the end walls is given by 
H t End k ' ; Ho J 0( kc r). (41) 
Substituting this into equation (5), we have 
(42) 
This evaluates to 
PEnd 1rR.,(kzaH 0 )2( J ( ')J ( ')) 2 kc - o Qo 1 2 qo 1 · (43) 
The tangential field distribution on the side wall is given by 
17 
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(44) 
yielding 
I 2r I I R, 2 2 • 2 P ·d = -nHo J0 (kca)s1n (k~z)dzrd<f, aa C O O ,.(, (45) 
and 
. (46) 
Substituting into equation (36), we see that 
Qend (47) 
and 
(48) 
Finally, substituting into equation (37) yields 
( 49) 
Equation ( 49) is only valid when the entire inner surface has the same surface resistance. 
Measurement Technique 
In order to determine the surface resistance of the cavity walls, we must have a 
means of accurately measuring Qo. It is typical to model a cavity resonator as a parallel 
resonant circuit, as shown in Figure 6. 
Figure 6 
Parallel resonant circuit model of a cavity resonator 
18 
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In this circuit, the energy stored is equal to the peak energy stored in the capacitor, given 
by 
(50) 
The power dissipated in the resistor in one cycle is 
(51) 
These expressions yield 
(52) 
The measurement technique involves measuring the reflection coefficient from the 
input of the cavity while sweeping the frequency through a frequency range L\.w about Wr, 
The reflection coefficient, r, is defined as 13 
r _ .,-Y_o_-_Y---,,-,,;R_ 
- Yo+ YR (53) 
where YR is the ad1nittance of the resonator and Y O is the characteristic admittance of 
the feed line. From the measurement of the reflection coefficient, it is possible to 
determine the input admittance of the cavity. If we define the following quantities 
wh == frequency at which GR == BR 
w 1 == frequency at which GR = -BR 
it is easily shown that 
(54) 
Cavity Design and Measurement 
The resonator used for our measurements was a three part cylindrical cavity, as 
shown in Figure 7. The measurements were made of the TE011 resonant mode. As 
previously mentioned, a single resonant frequency can be occupied by more than one 
mode. This is the case for the TE0 u mode, which shares its resonant frequency with the 
TM111 . To insure that the TE011 mode was singled out, the cavity was constructed with 
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"mode traps" 1" in the cylindrical section. These traps increase the effective length of the 
cavity with respect to the TM111 mode, lowereing its resonant frequency. The effect on 
the TE011 mode is negligible. For resonators of reasonably high Qo, small mode traps are 
sufficient to separate the modes. 
Coupling 
Aperature 
Figure 7 
Three piece TE 011 cylindrical cavity resonator. 
Mode Trap 
The cavity and feed structures are designed to excite the TE011 mode. The basic 
feed structure is shown in Figure 8. A coaxial transmission line is coupled to a short 
section of circular waveguide with a transition designed to excite the TE11 waveguide 
mode. This waveguide is in turn coupled to the resonator through a coupling aperature 
in one end wall of the cavity. The field distribution in the TE011 resonant mode and the 
TE11 waveguide mode are shown in Figure 9, in which the solid and broken lines 
represent the electric and magnetic fields respectively. The orientation of the coaxial to 
waveguide transition with respect to the resonator is chosen so as to align the magnetic 
fields across the coupling aperature, maxin1izing the coupling. 
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TE 11 Circular Waveguide 
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Figure 8 
Resonant cavity feed structure 
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Figure 9 
Field distributions in TE011 resonator mode and TEu waveguide mode. 
From E.I. Ginzton, Microwave measurements, McGraw-Hill, New York, 
p.480, 1957. 
The cylindrical section and aperature end of the resonator as well as the circular 
waveguide were constructed of brass. ~'1easurements were made using both brass and 
superconducting end walls in the cavity. Brass was chosen for the cavity and waveguide 
because its temperature dependence of resistivity is so small as to be negligible in the 
scope of these measurements. Poor machineability and difficulty in fabricating complex 
shapes with the sintered ceramic material precluded the construction of an all 
superconducting cavity. 
Using only one superconducting wall in the cavity, it was necessary to formulate a 
means of exctracting the surface resistance of a single section of the cavity from the 
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measurements of Qo. From equation (7) we know that 
where 
This leads to 
Qo 8 = unloaded Q of cavity with brass end plate 
Qo5 = unloaded Q of cavity with superconducting end plate 
P 1 = power dissipated in the brass end plate 
P 15 = power dissipated in the superconducting end plate 
P 2 = power dissipated in the brass side walls 
P 3 == power dissipated in the brass coupling end. 
Pis + P2 + P3 
P1 + P2 + P3 
P1s/P1 + P2 + P3 
1 + P 2/P 1 + P 3/P 1 • 
{55) 
{56) 
(57) 
Under the assumption that the two brass cavity ends have the same fractional Q's, that 
is P 1 == P 3 , we have 
P 15 /P 1 + K + 1 
1 + K + 1 
h IT p 2 w ere \. == p 
1 
From equations (13) and (16), we have 
Si1nilarily, fro1n equation ( 43), we see that 
Th us, from equation ( 58) 
R.,s = Qos(I( + 2) - (K + 1) 
R.,s Qos 
where R, 8 , from equation ( 49), is 
23 
(58) 
(59) 
(60) 
(61) 
(62) 
This derivation hinges on the assumption that P 1 = P 3 • When a high degree of 
accuracy in measuring R, 5 is required, i.e. when R, 5 < R, 8 , this assumption becomes 
invalid. 
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IV. Experimental Setup 
The setup used to measure superconducting surface resistance was composed of 
the following equipment 
i) HP 8410A Network Analyzer 
ii) HP 87 43A Reflection Test Set 
iii) HP 8690B Sweep Oscillator 
iv) HP 5340A Frequency Counter 
The circular waveguide was fed from the reflection test unit through a length of copper 
clad stainless steel coaxial transmission line with a solid copper inner conductor. The 
coaxial to TE11 circular waveguide transition was adjusted to produce a VSWR of less 
than 1.3 over the frequency range of interest. 
The network analyzer displayed the reflection coefficient in terms of a Smith chart 
display. From this display, Jh, fr, and Jo were detern1ined, as shown in Figure 10, by 
manually sweeping the frequency across the circle of resonance. In making these 
measurements, the gain and phase adjustment of the analyzer were critical for consistent 
results. 
Figure 10 
Smith chart locus of reflection coefficient. 
The sweep oscillator was used to generate frequency stable rf energy to feed the 
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reflection test set, which in turn fed the cavity and, in conjunction with the network 
analyzer, measured the reflection coefficient. The frequency counter was used to 
accurately measure the resonant and 3dB frequencies. 
The waveguide and resonant cavity were mounted in an enclosed aluminum 
cooling chamber that was mounted on the coldhead of a CTI-Cryogenics Model 22 
Refrigerator. The chamber was approximately 5.1 cm in diameter and 7.1 cm in height, 
yielding a cooling volume of roughly 145 cm 3 • The volume was cooled by means of a 
closed cycle helium refrigeration system incorporating the aforementioned refrigerator, a 
Model 8300 Helium Compressor, and a Model 8001 Controller, all manufactured by CTI-
Cryogenics. 
The temperature of the superconducting sample was determined by means of a 
Chromel/Gold-0.7%Iron thermocouple mounted with insulating contacts on the outer 
surface of the sample. An electronic thermometer was constructed using a Motorola 
TL431 series precision voltage reference. The thermometer was calibrated with liquid 
nitrogen at atmospheric pressure. 
The no-load cooling capability of the peviously described refrigeration system is 
rated below 8K. With the heat load incurred by the caxial feed line and various 
connections to the first cooling stage, the systen was seen to reliably cool to 25K. 
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V. Previous and Concurrent Results 
Prior to this work, reports of high frequency superconductivity measurements 
appeared in a number of publications. Measurements of microwave surface resistance in 
low Tc metalic superconductors indicated great promise for the high frequency application 
of superconductivity. Until very recently, however, high Tc materials showed little 
promise for microwave ,pplications. Recently, papers reporting microwave surface 
resistance better than that of gold at temperatures well below the critical temperature 
have been published. 
The success of low Tc microwave cavity resonators is responsible for the current 
interest in the microwave properties of high Tc materials, since the elaborate cooling 
systems required to reach suitable temperatures for low Tc materials are economically 
unfeasable for most applications. To achieve the performance of low Tc materials with 
liquid nitrogen cooling systems would create a whole new realm of possible applications. 
Low Tc Materials 
Excellent results have been obtained using lead electroplated copper cavities below 
liquid helium temperatures. Using a TE011 cavity similar to that used in this work, with 
lead plated copper walls, Hahn et al. 15 reports a measured Qo of 1.13 x 10 10 with a 
corresponding surface resistance of 6.89 x 10-8 0 at 2.868 GHz and 1.5 K. Pierce14 
reports a measured Qo of 3.7 x 10 10 and R., of 3.1 x 10-8 0 at 12.172 GHz and 0.94 K 
using a lead plated copper cavity in a TE013 configuration. 
Although the results obtained using lead plated copper surfaces are quite 
impressive, the best results have been obtained using cavities constructed of solid 
niobium. Turneaure and Weissman 16 report a measured Qo of 3.2 x 1010 and R., of 2.35 
x 10-8 at 11.2 GHz and 1.2 K using a TE011 cavity of high grade niobium. Using a 
TM 010 mode cavity, Turneaure and Nguyen 17 report a measured Qo of 10 11 in low fields 
at 8.6 GHz and 1.25 K, and measured Q 0 of 10 10 with peak norn1a.l electric fields of 70 
MV /m, suggesting particle accelerator applications. 
High Tc Materials 
The degree of success attained with low Tc materials has not yet been approached 
with the high Tc ceramics. A variety of surface resistance measurement techniques have 
been employed with these materials, but until just recently, the results were discouraging. 
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A few of the most recent reports, however, indicate possible large scale improvements 
over previous results. 
Using a 5 GHz copper stripline resonator in which a small sample of 
YBa2Cu3 0 7 _ 6 was placed, Cohen et al. 8 reports an approximate surface resistance of 0.3 
n at 10 K and ...... Q.35 n at 77 K. In this report, R, decreases drastically upon cooling 
from 93 to 77 K, then levels off below 77 K with a relatively high residual surface 
resistance at 10 K. 
A technique used by Poirier et al. 18 utilizes a nonsuperconducting microwave 
cavity resonant at 16.8 GHz into which a small sample of YBa2 Cu 3 0 7 _ 6 was inserted in 
the stationary rf electric field. The resulting perturbation of the measured Q and 
resonant frequency permitted a relative determination of the microwave absorption of the 
sample. The results show a marked decrease in the absorption below Tc, once again 
showing significant leveling below 77 K. These results also show that the relative effect of 
a static magnetic field on microwave absorption is to increase the absorption across the 
entire sub-Tc temperature range. 
Delayen et al. 19 used a half wave resonant coaxial line in which the center 
conductor was a cylindrical rod of YBa2Cu 3 0 7 _ 6 • Measuerements of surface resistance 
were made as a function temperature in the presence of a 1 Gauss peak rf magnetic field 
for the temperature range from 77 to 93 K. Similarly, measurements were made as a 
function of rf magnetic field strength at T == 77.4 K. All measurements were made at a 
frequency of 204 MHz. It is interesting to note that the surface resistance increased by 
nearly two orders of n1agnitude (from 2 x 10- 4 to 1.4 x 10- 2 0) over the peak rf field 
range from 0.01 to 100 Gauss, yet the lower critical field for the material, Hci, is roughly 
300 Gauss. The values of R., presented by Delayen are significantely lower than those 
observed in the previously n1entioned reports, but when scaled by the characteristic w2 
dependence to 15 GHz, a surface resistance of "'1 0 results. 
Dykaar et al. 7 report the pulse 
YBa2 Cu 3 0 7 _ 6 coplanar transn1ission lines. 
propagation characteristics of thin film 
The lines were 5.4 mm in length, and pulse 
rise times as fast as 5 ps were used. The results show a degradation in signal rise time 
that, due its relative temperature independence, is attributed primarily to substrate loss. 
The study shows, however, a strong temperature dependence of phase delay in the 
propagated pulse. A quantitative asessment of surface resistance is not determined from 
these measurements, but the propagation of undistorted pulses of this speed is an 
encouraging result. 
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A report by Khamas et al. 20 describes the measurement of an YBa2Cu30 7 _ 6 
dipole antenna at 550 MHz. The results show, at 77 K, an increase in radiated field 
strength of 12dB over en equally driven copper antenna at room temperature. This 
indicates a significantly lower loss resistance 1n the supercQnducting antenna at this 
frequency, however the resistivty of copper at 77 K would be roughly 15% of its room 
temperature value. A more valid comparison would be obtained by cooling the copper 
antenna as well. 
A cylindrical TE01 n type cavity fabricated entirely from YBa2Cu 3 0 7 _ 6 was 
demonstrated by Radcliffe et al. 11 • The resulting surface resistance at 15 GHz was 
roughly 0.26 n at 20 K and 0.53 n at 25 K. There was no mention of surface treatment 
or polishing, and the cylindrical section of the cavity was observed to have penetrating 
cracks. It is possible that these factors contributed to the relatively large surface 
resistance. 
A parallel plate or disk resonator technique, utilizing a thin conducting disk on a 
dielectric substrate backed by a ground plane, was used by Belohou bek et al. 9 ' 10 to 
measure surface resistance relative to that of gold. This study 9 produced the best results 
to date for bulk materials. At 10 GHz and 10 K, surface resistance of ""2.5 x 10-3 n, an 
order of magnitude lower than that of gold is reported for a sample of bulk 
YBa2 Cu 3 0 7 _ 6 produced at Rutgers University. Belohoubek also cites work done at 
Stanford University in which a surface resistance of ""2.5 x 10- 2 n was measured at 100 
GHz and 4 K for YBa2 Cu 3 0 7 _ 6 thin films. These results show a significant improvement 
over those demonstrated in previous reports and encourage further work in this field. 
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VJ. Measurement of YBa,Cu8 0 7_ 1 Bulk Material 
In this section the results of our measurements are presented along with a 
description of the conditions pertaining to each measurement. Successful measurements 
were made of four samples of YBa2Cu3 0 7 _ 6 under different conditions. All samples 
demonstrated the Meissner effect at liquid nitrogen temperature, and showed a 
temperature dependence of surface resistance. The actual values of surface resistance at a 
given temperature for the different measurement conditions were widely varied. 
Materials 
The four samples measured in this work are of three separate origins. The first 
sample was pressed from material produced at Lehigh. The second and third disks were 
pressed and fired at Lehigh from powder produced by Rhone-Poulenc. The fourth sample 
was pressed and processed by AT&T, Murray Hill, and required no further processing 
other than surface treatment. 
Sample 1 was formed from YBa2 Cu 3 0 7 _ 6 powder produced by the Materials 
Science Department at Lehigh. It was pressed, using distilled water as a binding agent, in 
a die that was specifically designed for this purpose. The applied pressure was roughly 
7000 psi. The sample was then fired under the supervision of the Materials Science 
Department. Upon firing, it shrunk to approximately 96% of its original volume. The 
finished sample showed a relatively porous structure that appeared to be somewhat 
granular or inhomogeneous. The final thickness of the sample was approximately 1 cm. 
Sample 2 was produced with YBa2 Cu 3 0 7 _ 6 powder available commercially from 
Rhone-Poulenc. Using methanol as a binder, it was pressed at a pressure of 13,800 psi, 
and fired on an alurnina grating to permit oxygen flow to all surfaces of the disk. The 
firing sequence was as follows: 
1) Fire in air at 900° C for 12 hrs. 
2) Increase temperature to 905° C and fire for 1 hr. in an oxygen 
enhanced environment. 
3) Cool to 600° C, anneal for 3 hrs. in oxygen. 
4) Cool to 400" C, anneal for 5 hrs. in oxygen. 
5) Cool slowly to room temperature in air. 
The resulting sample shrunk to roughly 85% of its original size, and appeared to he 
relatively small grained and nonporous. The final thickness of this sample was 0.23 cm. 
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Sample 3 was also composed of powder produced by Rhone-Poulenc. The disk 
was initially pressed with no additional binding agent. As a result, it was not strong 
enough to undergo the necessary handling before firing, and was reground by hand in a 
mortar and pestal. The powder was then repressed using methanol as a binder. It was 
fired on the grating in the same sequence as the previous disk with the exception that no 
additional oxygen was supplied to the environment surrounding the disk. The disc 
shrunk to roughly 91 % of its original size and appeared to be fairly large grained. The 
final thickness of the disc was 0.35 cm. 
The fourth sample was supplied by AT&T. The disk was approximately 0. 75 cm 
thick and appeared to be fairly large grained and somewhat porous. It seemed to contain 
a number af surface cracks penetrating into the material. No additional proccessing other 
"· 
than surface polishing was performed on the san1ple. 
Measurements 
Measurements of Qo vs. temperature were made with both brass and 
YBa2Cu 3 0 7 _ 6 superconducting end plates. From the measurement of the all brass 
cavity, we were able to determine the surface resistance of brass. The measurements of 
brass were followed by measurements with the superconducting end plate in place. From 
these measuren1ents the surface resistance of the superconducting surface was determined. 
The measurements were made by slowly cooling the cavity while rnonitoring its 
temperature. The values of Jo, fh, and Ji were recorded at various temperatures as the 
cavity cooled and from these Q 0 vs. T was determined. All data measured for the brass 
and superconducting cavities are tabulated in Apendix I. 
The measured data for the brass cavity are plotted rn Figure 11. It is apparent 
from this plot that there is little variation in the surface resistance of brass in the 
temperature range between 20 and 100 K. For this reason, a value of 8.71 x 10-2 fl has 
been used in all calculations of superconducting surface resistance. 
corresponds to the value picked fron1 a smooth curve at 60 K. 
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Of the four samples tested, Sample 1 was the only one to undergo a variety of 
measurements under different surface conditions. A comparison of the results obtained 
for the different conditions is shown in Figure 12, followed by a description of the 
conditions that produced these variations in performance. No measurements were made 
of the untreated surface directly after firing since planar surfaces were required for use 
with the cavity. The surfaces tended to be somewhat irregular after the firing steps, 
requiring abrasive lapping to make them planar. 
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Measurements from the material produced by Rhone-Poulenc, Samples 2 and 3, 
are shown in Figure 13. Both samples underwent the same surface preparation, wet 
lapping with abrasive papers and heptane, from 400 grit down to 1 µm grit. They were 
dried overnight in air. Interestingly, the surface resistance of these samples seems to have 
a different temperature dependence than that of the samples produced by either Lehigh or 
AT&T. 
The measured data for the sample produced by AT&T, in companson with the 
best results obtained with the Lehigh and Rhone-Poulenc materials, are presented in 
Figure 14. The AT&T sample was dry polished with successively finer grades of abrasive 
paper from 320 grit down to 1 µm grit. 
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34 
X 
X 
80 100 120 
Key to Figure 12 
These descriptions are in the chronological order in which the measurements were made. 
The condition of the surface prior to a given treatment is give by the description of the 
previous treatment. 
0 The sample was wet lapped until planar using 400 grit paper and kerosene. It was 
then lapped with successively finer grades of paper down to 1 µm grit, all using 
kerosene. The sample was dried for 17 hrs. in a desecator under reduced pressure. 
The sections of the cavity were compressed together with a leaf spring assembly 
and held togethor with this spring force during the measurement sequence. 
X The disk was left in a dry oxygen environment for aproximately 90 days, then 
remeasured with no further surface treatment. 
A thin layer of the surface was removed by wet lapping with 400 grit paper and 
heptane. Heptane was used to shorten the required drying time. The sample was 
dried for 2 hrs. at 200° C. No further polishing was done. 
• The surface was repolished as in the first case, with a final polishing paper of 1 µm 
grit, however heptane, rather than kerosene was used. 
The sample was re-annealed in an oxygen enhanced environment for 5 hrs. at 400° 
C. No further polishing was done. 
+ The condition of the sample was identical to the previous measurement, but greater 
spring force was used to compress the cavity. 
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It is obvious from Figure 14 that the AT&T material significantly outperformed 
the others. The reason for this cannot be conclusively determined from these 
measurements, however speculations may be made. It is possible that the AT&T 
material codfained proportionally more of the superconducting phase than the other 
samples. This could be due to the chemical makeup of the powder or to the processing 
steps used in fabricating the disk. Annealing time and temperature as well as the oxygen 
content of the annealing atmosphere are both known to affect the properties of finished 
samples. Another possibility is that the fluids used in polishing the samples from Lehigh 
and Rhone-Poulenc adversely affected the surfaces. This is doubtful, since there is no 
record of YBa2Cu 3 0 7 _ 6 reacting in any way with kerosene or heptane. It is likely that 
the density of the material plays an important role in its the microwave properties. The 
measured densities of our samples are shown in Table 1, along with their respective 
m1n1mum surface resistances. The con1parison shows that the best results were obtained 
with the highest density material. More importantly, however, it shows that the samples 
were all of similar densities and were all well below the theoretical density of 
YBa2 Cu 3 0 7 _ 6 • This can be attributed to the porous nature of sintered materials and is 
likely a contributing factor in the overall high surface resistance of these samples. 
Another in1portant observation in this comparison concerns the normal state 
surface resistance of the material. In the case of the AT&T sample, the normal state 
resistance was relatively low, approxi1nately 2 n. This value was much lower that the 
normal state resistance seen for the other sa1nples. This observation is in keeping with 
Belohoubek et al. 9 who show a norn1al state surface resistance on the order of the surface 
resistance of gold. It is therefore quite possible that the normal state surface resistance 
has a direct bearing on the 1nicrowave characteristics in the superconducting phase. 
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Table 1 
Density Comparison, Samples 1, 2, 4 
Origin of Density % of Theoretical R. (0) 
Material (g/cm3 ) Density (25 K) 
Lehigh 4.05 64.3 0.50 
Rhone-Poulenc 4.37 69.4 0.40 
AT&T 4.40 69.8 0.16 
It is interesting to note the effect of repeated surface polishing on the material, as 
demonstrated by Figure 12. The best results for Sample 1 were obtained with a surface 
that was polished only once and then was placed in a dry oxygen environment for 90 
days. All further surface treatment effectively degraded the microwave performance. 
This too is in keeping with Belohou bek et al. 9 who assert that machining and mechanical 
polishing has been noted to deteriorate superconducting properties. The inability of the 
re-annealling process to restore the deteriorated properties of the material indicates that 
reactions incurred our by surface treatment processes are irreversable. This, however, is 
not conclusively determined. It is quite possible that repeating the entire firing sequence 
again would restore the properties to son1e extent. 
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VII. Conclusion 
From the results obtained through these and other measurements, it is apparent 
that the practical use of high temperature superconductors in microwave applications is 
still fairly distant. Before the materials can be fabricated in a way that will optimize 
their . microwave performance, the performance limiting characteristics be must 
determined. Possible problems that have been identified to date include porosity and 
surface quality, second phases, surface reactions and poor machinability and polishability. 
Identifying the problems does not solve them, however, and further study in this area is 
necessary. 
The future of bulk materials for use at high frequencies is somewhat questionable. 
Although Belohoubek's report 9 is encouraging, it must be noted that his results are still 
only impressive in the relative sense, and that the performance does not yet approach 
that obtained with lead and niobiun1. 
The use of thin films seems to hold the 1nost pron1ise for microwave applications. 
Films are much more uniform in terms of density and homogeniety than are sintered 
materials. In addition, films lend themselves well to stripline and microstrip circuits. 
Films may also be fabricated with a prefered crystal orientation, an important factor in 
view of the anisotropic conductivity and critical current density observed in these 
materials. 
It is possible that other high Tc materials will function better at high frequencies 
than YBa2Cu 3 0 7 _ 6 • Bismuth and thallium based 1naterials have recently been shown to 
have critical temperatures above 100 K. It is possible that some of the problems 
associated with YBa2Cu 3 0 7 _ 6 , such as its sensitivity to the environment, can be 
overcome through the use of new materials. 
Until better means of fabricating the material are obtained, 1neasurement 
techniques for bulk materials will likely involve structures incorporating planar surfaces or 
perturbation techniques using norn1al metal resonators. The parallel plate resonator 
shows promise due to its sin1plicity and ability work with mildly irregular surfaces. 
It is evident that the surface of this field has just been scl..tched. The 
measurements to date have revealed disapointing but improving results. There is, 
however, a significant difference between simply measuring the properties of a material 
and implementing the material in a practical application. In short, our knowledge of 
these materials is insufficient to foster accurate predictions of what the future might 
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bring. Only after extensive further study will such speculation be possible. 
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Table Al. 
R, vs. T Data for All Brass Cavity 
,, 
!l, 
T(K) Qo Jo (GHz) fh (GHz) f1 (GHz) R, (0) ., 
I 
300 6,876 14.78296 14.78403 14.78188 0.0982 
290 6,721 14.78533 14.78650 14.78430 0.1005 
280 6,815 14.78836 14.78952 14.78735 0.0991 
270 6,912 14.79125 14.79234 14.79020 0.0977 
260 6,817 14.79397 14.79509 14.79292 0.0991 
250 6,850 14.79669 14.79783 14.79567 0.0986 
240 6,916 14. 79975 14.80086 14.79872 0.0977 
215 7,118 14.80644 14.80755 14.80547 0.0949 
200 6,794 14.81042 14.81156 14.80938 0.0994 
190 7,261 14.81304 14.81409 14.81205 0.0930 
170 7,229 14.81896 14.82003 14.81798 0.0934 
150 7,196 14.82369 14.824 75 14.82269 0.0939 
130 7,527 14.82803 14.82907 14.82710 0.0897 
110 7,725 14.83256 14.83357 14.83165 0.0874 
100 7,607 14.83455 14.83556 14.83361 0.0888 
95 7,608 14.83608 14.83708 14.83513 0.0888 
90 7,850 14.83705 14.83803 14.83614 0.0860 
85 7,609 14.83791 14.83889 14.83694 0.0888 
80 7,728 14.83864 14.83961 14.83796 0.0874 
75 7,649 14.83932 14.84027 14.83833 0.0883 
70 7,571 14.83985 14.84081 14.83885 0.0892 
65 7,650 14.84051 14.84147 14.83953 0.0883 
60 7,650 14.84099 14.84195 14.84001 0.0883 
55 7,811 14.84143 14.84236 14.84046 0.0865 
50 7,937 14.84175 14.84266 14.84079 0.0851 
45 7,771 14.84196 14.84289 14.84098 0.0869 
40 7,853 14.84215 14.84307 14.84118 0.0860 
35 7,812 14.84229 14.84319 14.84129 0.0865 
30 7,771 14.84238 14.84330 14.84139 0.0869 
25 7,771 14.84243 14.84335 14.84144 0.0869 
20 7,895 14.84244 14.84335 14.8414 7 0.0855 
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Table A2. 
~; 
,i 
~~ 
R. vs. T Data, Sample 1. )?. 
.. 
,,,';,-
' ') 
.. , 
T(K) Qo /o (GHz} fh (GHz) f1 (GHz) R. (0) 
.t t~1 
95 1,960 14.83373 14.83744 14.82987 1.707 ., j v~ 
.·~ 
89 2,571 14.83537 14.83798 14.83221 1.192 ,! 
82 2,315 14.83639 14.83862 14.83396 1.375 
80 3,225 14.83650 14.83865 14.83405 0.857 
75 3,700 14.83690 14.83881 14.83480 0.688 .... ,,: 
70 3,682 14.83719 14.83909 14.83506 0.693 
65 3,737 14.83750 14.83944 14.83547 0.676 
60 3,795 14.83744 14.83961 14.83570 0.659 
55 3,691 14.83795 14.83990 14.83588 0.690 
50 3,682 14.83817 14.84010 14.83607 0.693 
45 3,637 14.83831 14.84025 14.83617 0.708 
40 3,874 14.83835 14.84024 14.83641 0.636 
35 4,156 14.83844 14.84017 14.83660 0.562 
30 4,133 14.83849 14.84020 14.83661 0.567 
24 4,314 14.83854 14.84016 14.83672 0.524 
22 4,403 14.83850 14.84012 14.83675 0.504 
21 4,429 14.83856 14.84014 14.83679 0.499 
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Table A3. 
Ra vs. T Data, Sample 1. 
, . 
T(K) Qo /o (GHz) fh (GHz) f1 (GHz) R. (fl) 
. ,
l. 108 954 
'.· 
14.82967 14.83603 14.82052 3.994 
{: 
~ ._. 
103 1,143 14.83093 14.83715 14.82418 3.257 
100 2,029 14.83214 14.83567 14.82836 1.634 
' 
.. 
95 2,354 14.83331 14.83641 14.83011 1.344 
90 3,334 14.83469 14.83688 14.83243 0.814 
85 3,618 14.83543 14.83748 14.83338 0.714 
80 3,334 14.83608 14.83825 14.83380 0.814 
75 3,709 14.83643 14.83837 14.83437 0.685 
70 3,718 14.83662 14.83863 14.83464 0.682 
65 3,834 14.83691 14.83882 14.83495 0.648 
60 4,032 14.83717 14.83896 14.83528 0.593 
55 4,065 14.83752 14.83924 14.83559 0.585 
50 4,145 14.83774 14.83945 14.83587 0.564 
45 4,168 14.83795 14.83967 14.83611 0.559 
40 4,326 14.83811 14.83976 14.83633 0.521 
35 4,377 14.83820 14.83986 14.8364 7 0.510 
30 4,390 14.83828 14.83990 14.83652 0.507 
25 4,377 14.83829 14.83994 14.83655 0.510 
23 4,456 14.83833 14.83991 14.83658 0.493 
22 4,496 14.83836 14.83995 14.83665 0.484 
21 4,469 14.83835 14.83995 14.83663 0.490 
21 4,469 14.83834 14.83991 14.83659 0.490 
21 4,429 14.83833 14.83994 14.83659 0.499 
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Table A4. 
R, vs. T Data, Sample 1. . ,•\: ~\ 
... 
);, 
.,, 
'•) 
T(K) Qo fo (GHz) fh (GHz) f 1 (GHz) R, (0) •,; 
·1.: \ 
:-1 105 665 14.82639 14.83310 14.81080 5.930 '.) 
.~·-{· 
100 1,083 14.82758 14.83511 14.82142 3.463 h 
i·(, 
Y" 
95 1,237 ( 14.82978 14.83540 14.8~341 2.975 :'( 
;:. 90 1,429 14.83151 14.83626 14.82588 2.513 ,·· 
\,', 
'( 
., 85 2,286 14.83297 14.83599 14.82950 1.398 .j ) 
83 2,468 14.83331 14.83603 14.83002 1.261 
80 2,644 14.83366 14.83631 14.83070 1.146 
75 2,875 14.83432 14.83681 14.83165 1.017 
70 3,150 14.83479 14.83704 14.83233 0.888 
65 2,886 14.83518 14.83761 14.83247 1.012 
62.5 2,944 14.83533 14.83767 14.83263 0.983 
60 2,997 14.8354 7 14.83780 14.83285 0.957 
55 3,261 14.83565 14.83777 14.83322 0.842 
50 3,426 14.83589 14.83793 14.83360 0.780 
45 3,516 14.83597 14.83797 14.83375 0.748 
40 3,766 14.83607 14.83797 14.83403 0.668 
35 3,636 14.83619 14.83805 14.83397 0.708 
33 3,663 14.83623 14.83815 14.83410 0.699 
30 3,794 14.83628 14.83813 14.83422 0.659 
28 3,884 14.83627 14.83809 14.83427 0.633 
25 3,988 14.83631 14.83809 14.83437 0.605 
23 3,844 14.83636 14.83819 14.83433 0.645 
22 3,824 14.83635 14.83822 14.83434 0.650 
21.5 3,884 14.83637 14.83815 14.83433 0.633 
,. 
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Table A5. . . : ~ ! 
:,, 
. :~ 
R, vs. T Data, Sample 1. ., 
, ... ;i. 
:j, 
., T(K) Qo fo (GHz) fh (GHz) f 1 (GHz) R, (0) .;·. ; 
,. 
;,-. 
108 792 14.82524 14.83176 14.81304 4.905 
105 771 14.82562 14.83260 14.81336 5.051 
100 827 14.82693 14.83354 14.81562 4.678 ·1 
" 
95 1,235 14.82854 14.83428 14.82227 2.980 
90 1,243 14.83050 14.83601 14.82408 2.958 
85 1,859 14.83171 14.83553 14.82755 1.825 
80 2,358 14.83285 14.83589 14.82960 1.341 
75 2,536 14.83368 14.83655 14.83070 1.215 
70 2,702 14.83431 14.83669 14.83150 1.112 
65 2,630 14.83477 14.83751 14.83187 1.155 
60 2,626 14.83510 14.83779 14.83214 1.157 
55 2,909 14.83529 14.83766 14.83256 1.000 
50 2,979 14.83549 14.83778 14.83280 0.966 
45 3,218 14.83565 14.83783 14.83322 0.860 
40 3,143 14.83577 14.83801 14.83329 0.891 
35 3,326 14.83579 14.83795 14.83349 0.817 
30 3,395 14.83591 14.83804 14.83367 0.791 
25 3,541 14.8359.S 14.83792 14.83373 0.739 
24 3,261 14.83600 14.83814 14.83359 0.842 
23 3,326 14.83597 14.83808 14.83362 0.817 
22 3,466 14.83599 14.83800 14.83372 0.765 
22 3,403 14.8:3.598 14.83808 14.83372 0.788 
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Table A6. 
R. vs. T Data, Sample 1. 
,, 
•,'. 
''(. T(K) Qo Jo (GHz) fh (GHz) f 1 (GHz) R, (0) ,, f:,. 
110 674 14.82360 14.83205 14.81007 5.845 
105 608 14.82441 14.83294 14.80854 6.529 
100 474 ,114.82563 14.83605 14.80474 8.505 
95 541 14.82677 14.83662 14.80919 7.395 
90 856 14.82937 14.83657 14.81925 4.504 
85 780 14.83091 14.83810 14.81908 4.988 
80 1,061 14.83167 14.83771 14.82373 3.545 
75 1,117 14.83268 14.83887 14.82559 3.344 
67 1,327 14.83350 14.83871 14.82753 2.742 
65 1,415 14.83369 14.83857 14.82809 2.543 
58 1,585 14.83404 14.83858 14.82922 2.220 
55 1,646 14.83419 14.83840 14.82939 2.121 
50 1,965 14.83444 14.83802 14.83047 1.702 
45 2,041 14.83453 14.83786 14.83059 1.621 
40 2,131 14.83468 14.83795 14.83099 1.533 
35 2,282 14.83483 14.83779 14.83129 1.401 
30 2,523 14.83493 14.83773 14.83185 1.224 
25 2,580 14.83496 14.83770 14.83195 1.186 
24 2,598 14.83503 14.83770 14.83199 1.175 
50 
Table A7. 
R, vs. T Data, Sample 1. 
T(K) Qo fo (GHz) fh (GHz) f1 (GHz) R, (0) 
110 530 14.82473 14.83584 14.80792 7.558 
105 581 14.82563 14.83457 14.80905 6.854 
100 467 14.82689 14.84083 14.80909 8.640 
95 510 14.82859 14.84187 14.81279 7.872 
92 573 14.82965 14.84016 14.81429 6.956 
90 586 14.83091 14.84072 14.81540 6.792 
87 706 14.83192 14.84034 14.81933 5.559 
85 805 14.83234 14.83965 14.82123 4.819 
80 948 14.83345 14.84036 14.82472 4.022 
75 1,178 14.83437 14.83986 14.82727 3.147 
70 1,150 14.83513 14.84147 14.82857 3.235 
65 1,467 14.83565 14.84030 14.83019 2.436 
60 1,459 14.83589 14.84090 14.83073 2.452 
55 1,750 14.83613 14.84007 14.83159 1.968 
50 2,002 14.83630 14.83966 14.83225 1.662 
45 2,084 14.83645 14.83977 14.83265 1.578 
40 2,208 14.83658 14.83969 14.83297 1.464 
35 2,300 14.83663 14.83971 14.83326 1.387 
32 2,393 14.83667 14.83961 14.83341 1.315 
30 2,389 14.83671 14.83952 14.83331 1.318 
30 2,473 14.83669 14.83948 14.83348 1.258 
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Table AS. 
R. vs. T Data, Sample 2. 
T(K) Qo Jo (GHz) fh (GHz) f 1 (GHz) R, (0) 
105 751 14.84270 14.83382 14.81408 5.198 
100 688 14.82545 
' 
14.83347 14.81191 5.716 
{, 
r 95 930 14.82728 14.83359 14.81765 4.109 ;~ ', ~·-
·,·' 
)< 
958 . 90 14.82790 14.83397 14.81849 3.975 ' ' 
85 1,159 14.82894 14.83404 14.82125 3.206 
80 1,329 14.82999 14.83477 14.82361 2.737 
75 1,387 14.83106 14.83531 14.82462 2.603 
70 2,049 14.83216 14.83556 14.82832 1.613 
65 2,307 14.83284 14.83584 14.82941 1.381 
60 3,065 14.83392 14.83610 14.83126 0.926 
55 3,575 14.83466 14.83654 14.83239 0.728 
50 3,341 14.83533 14.83755 14.83311 0.811 
45 4,227 14.83587 14.83757 14.83406 0.544 
40 4,710 14.83631 14.83779 14.83464 0.441 
35 4,666 14.83669 14.83821 14.83503 0.450 
30 4,710 14.83695 14.83840 14.83525 0.441 
26 4,442 14.83715 14.83863 14.83529 0.496 
25 5,030 14.83716 14.83852 14.83557 0.384 
24 4,833 14.83717 14.83861 14.83554 0.418 
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Table A9. 
R. vs. T Data, Sample 3. 
t. 
\ T{K) Qo fo (GHz) fh (GHz) f1 (GHz) R. (fl) l 
i Cooling 
' 60 699 14.83183 14.83994 14.81873 5.619 
55 778 14.83277 14.8400 14.82094 5.002 :.: 
., 50 997 14.83351 14.84024 14.82536 3.802 
45 1,292 14.83425 14.83921 14.82773 2.828 
40 1,595 14.83497 14.83910 14.82980 2.204 
35 2,821 14.83596 14.83844 14.83318 1.046 
30 3,268 14.83629 14.83848 14.83394 0.839 
27 3,592 14.83664 14.83864 14.83451 0.722 
25 4,099 14.83679 14.83854 14.83492 0.576 
24 4,301 14.83686 14.8384.S 14.83500 0.527 
23 4,364 14.83688 14.83854 14.83513 0.513 
23 4,537 14.83694 14.83844 14.83517 0.476 
Warn1ing 
31 2,991 14.83640 14.83857 14.83361 0.960 
35 3,239 14.83628 14.83833 14.83375 0.851 
40 2,473 14.83565 14.83826 14.83226 1.258 
45 1,667 14.83506 14.83889 14.83009 2.088 
50 1,245 14.83460 14.83974 14.82782 2.953 
55 1,231 14.83366 14.83930 14.82725 2.991 
60 1,208 14.8330J 14.83830 14.82602 3.057 
65 981 14.83189 14.83791 11.82279 3.871 
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Table AlO. 
R, vs. T Data, Sample 4. 
T{K) Qo Jo (GHz) fh (GHz) f1 (GHz) R, (0) 
:r? 
300 1,608 14.77387 14.77804 14.76885 2.182 
113 1,734 14.82317 14.82709 14.81854 1.990 
rif' 
·V. 104 1,769 14.82481 14.82857 14.82019 1.941 ,:. \. 
{:: .. 100 1,606 14.82551 14.82963 14.82040 2.185 ,:, .. ,· ... ( .,. ( ) . 
,j 95 1,696 14.82642 14.83045 14.82171 2.045 .,. 
,:.-
J 
·'· 90 1,795 14.82746 14.83149 14.82323 1.907 ,', ~·, 
f. ). 
85 3,303 14.82960 14.83182 14.82733 0.826 ') 
80 4,401 14.83089 14.83264 14.82927 0.505 
':t 
:, 
75 5,241 14.83186 14.83329 14.83046 0.350 t 
70 5,661 14.83264 14.83395 14.83133 0.290 
65 6,005 14.83343 14.83474 14.83227 0.247 
60 6,155 14.83398 14.83521 14.83280 0.229 
55 6,181 14.83444 14.83564 14.83324 0.227 
50 6,564 14.83496 14.83609 14.83383 0.186 
45 6,535 14.83526 14.83638 14.83411 0.189 
40 6,422 14.83550 14.83662 14.83431 0.201 
35 6,774 14.83566 14.83676 14.83457 0.166 
30 6,653 14.83584 14.83689 14.83466 0.178 
25 6,653 14.83591 14.83696 14.83473 0.178 
23 6,965 14.83595 14.83694 14.83481 0.149 
22 7,099 14.83594 14.83695 14.83486 0.138 
22 6,837 14.83597 14.83697 14.83480 0.161 
21.5 6,744 14.83594 14.83698 14.83478 0.169 
21.5 6,868 14.83594 14.83697 14.83481 0.158 
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